Purpose Gold standard recipient arteries in head and neck free flap microvascular reconstruction are currently branches of the external carotid. However, these arteries can be compromised by neck dissection or radiotherapy, resulting in 'vessel-depleted neck' and 'frozen neck' respectively. In such cases, the transverse cervical artery (TCA) may be a suitable recipient artery. Methods The origin, course and diameter of the TCA were determined in 46 sides of neck from 23 cadavers. The distances from the origin of the TCA to the angle of the mandible, floor of the mouth and mandibular symphysis were measured to determine the pedicle length required for free flap anastomosis. Results The TCA was present bilaterally in all subjects investigated and its course across the posterior triangle of the neck was constant between individuals. The mean distances from the origin of the TCA to the angle of mandible, floor of mouth and mandibular symphysis were 10.0, 9.2 and 12.6 cm, respectively. There were no significant differences in these distances between the left and right sides of the neck (p > 0.05 for all comparisons). The distances from the TCA origin to the angle of the mandible and floor of the mouth were significantly longer in males than in females (p = 0.004) and correlated directly with the greater height of males compared to females (p = 0.0004). The mean diameter of the TCA measured 2 cm from its origin was 2.2 mm. Conclusion The TCA is a suitable and reliable recipient artery for free flap microvascular reconstruction, when branches of the external carotid artery are unavailable.
Introduction
Microvascular free flap reconstruction is a reliable and effective treatment for patients with significant head and neck defects following tumour resection. The current gold standard recipient arteries are branches of the external carotid artery, most commonly the superior thyroid or facial arteries [1, 14, 21] . If these arteries have been damaged or removed ipsilateral to the defect, it is not uncommon for vein grafts to be used to reach these branches of the external carotid system in the contralateral side of the neck, rather than anastomosing with other more easily accessible ipsilateral recipient arteries [9, 12, 14, 21] . This use of contralateral vessels increases the patient's operating time and morbidity, because of more extensive dissection and increased risk of anastomotic failure [7, 15] .
As part of their multidisciplinary treatment, patients with head and neck cancer often undergo extensive neck dissection and pre-operative chemotherapy and/or radiotherapy, prior to free flap reconstruction of a defect. In this context, patients often present with a 'vessel-depleted neck' [6] , in which multiple branches of the external carotid artery have been resected or compromised by early atherosclerosis and fibrosis of the intimal layer [11] , because of their necessary inclusion within the radiotherapy treatment field. This may be exacerbated by the phenomenon described as 'frozen neck' [23] , in which severe scarring and radiation fibrosis 1 3 create loss of tissue planes and limited access to and availability of branches of the external carotid artery. 'Frozen neck' has been reported to occur in 12% of patients requiring head and neck free flap reconstruction [23] . Therefore, these patients require alternative suitable and reliable recipient vessels for free flap reconstruction.
The selection of a suitable recipient vessel is crucial for free flap survival. Key factors indicating suitability are: healthy vessels without atherosclerosis or intimal damage; dynamic and pulsatile inflow; vessel diameter greater than 2 mm [14] ; matched diameter of recipient and donor pedicle vessels [21] ; distance from the recipient vessel to the defect within range of the vascular pedicle length; ease and safety of dissection and a corresponding recipient vein running in the same direction [14] . The transverse cervical artery (TCA) potentially satisfies these criteria in the context of head and neck microvascular reconstruction and, therefore, the aim of this cadaveric study is to objectively assess the suitability of the TCA as a recipient artery for free flap reconstruction, when branches of the external carotid artery are not available.
Over recent decades, there has been a variety of definitions of the TCA (arteria. transversa colli or arteria transversa cervicis) in the literature [16] . Throughout the current study, we have used the international anatomical terminology adopted by the Federative International Programme for Anatomical Terminology (FIPAT) [2] , which defines the TCA as a branch of the thyrocervical trunk that continues across the posterior cervical triangle as a superficial branch. This is separate from the deep branch of the thyrocervical trunk that is termed the dorsal scapular artery.
Methods
Forty six sides of neck from 23 formalin-embalmed Caucasian cadavers (11 male and 12 female; mean age 84 years, range 65-97 years) were investigated in this study. All cadavers were donated and the study was performed at the Human Anatomy Unit, Imperial College London, in compliance with the provisions of the UK Human Tissue Act (2004). The TCA was dissected using a reproducible, stepwise approach, similar to that described by Yu [23] (Fig. 1) . Dissection was initially directed along the subclavian artery towards the origin of the thyrocervical trunk, on the medial border of the anterior scalene muscle and posterior to the internal jugular vein on each side [10] . Following medial retraction of the sternocleidomastoid muscle, the TCA and vein (TCV) were identified in the plane deep to the inferior belly of omohyoid and superficial to the anterior scalene muscle and phrenic nerve (Fig. 2) . The TCA most commonly arises directly from the thyrocervical trunk, superior to the suprascapular artery and inferior to the inferior thyroid artery, lying just cranial and posterior to the TCV [10, 23] . Care must be taken to avoid the phrenic nerve as it descends on the anterior surface of scalenus anterior muscle [6] bilaterally and the thoracic duct on the left side of the neck and the right lymphatic trunk on the right, as they enter the venous system in the region of the junction of the subclavian vein and internal jugular vein on either side [23] . The presence of the TCA, its vessel of origin, anatomical course across the posterior triangle of the neck and diameter were then recorded.
Transverse cervical artery diameter was measured 2 cm from its origin using manual Vernier callipers to reflect the region at which microvascular anastomosis is most likely to be performed. The distances from the origin of the TCA to the following surgical landmarks: the angle of the mandible, floor of mouth (in the mid-sagittal line, immediately cranial to the hyoid bone) and mandibular symphysis, were measured using a fabric tape measure that accurately followed the natural anatomical contours of the neck (Fig. 3) . These data reflect the minimum pedicle length required (with 2 cm leeway) for free flaps to be anastomosed with the TCA, in order to reconstruct defects in the upper third, middle third and lower third of the neck, respectively. Correlation analysis was carried out between these distances and cadaver sex, height and side of neck. Significance was assessed using a paired student t test.
Results
The TCA was present in all 46 neck sides of the 23 cadavers investigated. It originated from the thyrocervical trunk in 39 sides, the subclavian artery in 6 sides and the internal thoracic artery in 1 side. The anatomical course of the TCA was constant in all cadavers, lying deep to the inferior belly of omohyoid and coursing posterolaterally across the posterior triangle towards the anterior border of trapezius, 1-2 cm cranial and parallel to the clavicle.
The mean distances from the origin of the TCA to the angle of the mandible, floor of the mouth and mandibular symphysis were 10.0 cm (range 8.5-12.00 cm; SD 0.82), 9.2 cm (range 7.5-10.9; SD 0.82) and 12.6 cm (range 9.8-14.6; SD 1.02), respectively. There were no significant differences between the left and right sides of the neck in any of the three distances measured (p > 0.05 for all comparisons).
The distances from the TCA origin to the angle of the mandible and to the floor of the mouth were significantly longer in males than in females (p = 0.004), which correlated directly with the greater heights of males (p = 0.0004). The mean diameter of the TCA, measured 2 cm from its origin, was 2.2 mm (range 1.3-3.5 mm; SD 0.47). Thirty two of the 46 TCAs measured were greater than 2 mm in diameter. The measurements recorded for each cadaver are given in Table 1 .
Discussion
Recipient vessel selection is a key-determining factor for free flap survival in head and neck reconstruction. Urken et al. [14] proposed the TCA to be the 'best recipient vessel for free tissue transfer' even when all vessels are available. Their argument was supported by the fact that the TCA is less affected by tumour infiltration and atherosclerosis or scarring from previous radiotherapy than branches of the external carotid artery. Also, transposition of the length of the TCA to the midline of the neck is feasible, to reduce vessel kinking and to ensure optimal positioning of the pedicle [14] without causing further morbidity to the patient. However, due to their well-established reliability, ease of dissection, vessel diameter matching and proximity to common surgical defects in the neck, branches of the external carotid artery (most commonly the facial or superior thyroid artery) and external jugular vein remain the gold standard recipient vessels [1, 14, 17, 21] . With advances in the multidisciplinary management of head and neck cancers and the treatment of advanced and even recurrent tumours, patients increasingly present with branches of the external carotid artery having been resected or compromised by scarring and radiation fibrosis. Therefore, there is a requirement for alternative, suitable ipsilateral recipient arteries to be utilized. This is preferable to vein grafting onto branches of the contralateral external carotid artery, which requires further dissection and two separate anastomoses, resulting in increased patient morbidity and higher risk of flap failure [7, 15] .
In recent years, the TCA has regained some popularity as a suitable second-line recipient vessel, because it is usually unimpaired by prior treatments [20] . Recently, Yagi et al. reported that the TCA was the most commonly used recipient vessel following both jugular neck dissection (84.6% of 33 cases) and modified radical neck dissection (84.4% of 27 cases) [19] . However, until now, objective morphometric data to support the suitability of the TCA as a recipient vessel were limited. A recent cadaveric study [13] provides the only other morphometric data in the literature, reporting the length of the TCA to range from 4.0 to 7.0 cm in length with a mean diameter of 2.65 mm, but without identifying the where it was measured. In addition, the mean distance of the origin of the TCA was reported to be 33 mm from the midline of the neck and 17 mm cranial to the clavicle. The results of the current study extend these findings significantly by identifying the mean distances from the origin of the TCA to three important surgical landmarks, the angle of the mandible, floor of mouth and mandibular symphysis. These distances reflect the vascular pedicle length required to anastomose with the TCA close to its origin, in order to reconstruct defects in the upper third, middle third and lower third of the neck, respectively. These mean distances, 10.0 cm to the angle of mandible, 9.2 cm to the floor of mouth and 12.6 cm to the mandibular symphysis, are all shorter than the pedicle lengths of commonly used free flaps for head and neck reconstruction. For example, the anterolateral thigh flap pedicle has been reported to have a length of up to 13.2 cm [22] and the radial forearm free flap pedicle a mean length of 18.0 cm [1] .
The fibula free flap is a popular choice in mandible reconstruction due to the long length of available bone. However, a limitation is that it has a short vascular pedicle length of up to 5 cm [3] . By dissecting the peroneal artery along the length of the fibula and using a distal portion of bone, the pedicle length may be increased significantly to potentially facilitate anastomosis with the TCA as the recipient vessel, although a free fibula flap must be used with caution in this context. Similarly, use of a scapula free flap for bone reconstruction would be limited when using the TCA as the recipient artery, in view of its short pedicle length typically between 3 and 7 cm. Therefore, the TCA is most useful for receiving free flaps with pedicles greater than 10 cm, including the anterolateral thigh flap and radial forearm free flap.
In the current study, the diameter of the TCA was measured 2 cm from its origin, because this point was considered to be the most appropriate for anastomosis in surgical practice. Two centimetres provides the surgeon with sufficient length of recipient TCA to enable optimal setup of the microsurgical field with placement of micro-vascular clamps, sufficient length to avoid kinking of the vessels and enough room to physically perform the microanastomosis without causing damage through undue tension on the arteries.
The results of the current study revealed that the mean diameter of the TCA was 2.2 mm (range 1.3-3.5 mm). Seventy percent of TCAs (32 of 46) had a diameter greater than 2 mm and 96% (44 of 46) had a diameter greater than 1.5 mm (Table 1) . While traditionally a diameter greater than 2 mm was considered to be a determining factor for a recipient artery's suitability for anastomosis [14] , it is now accepted that successful microanastomoses can be performed between flap and recipient vessels with diameters of 1.3 mm diameter or less, provided vessel quality and size match are good. With a current optimal threshold of 1.5 mm arterial diameter [8] , the TCA would be expected to be suitable recipient artery in 96% of individuals. Furthermore, this diameter provides an appropriate size match to facilitate successful primary end-to-end anastomosis with the donor pedicle vessels of commonly used free flaps, such as the anterolateral thigh flap (mean diameter 2.1 mm), radial forearm flap (mean diameter 2 mm) and fibula flap (mean diameter 1.5 mm) [18] .
In the current study, the TCA was found to originate from the thyrocervical trunk in 39 out of the 46 sides of neck (84.8%). These results differ from those of Ikka et al. [5] who reported the TCA to originate directly from the thyrocervical trunk in only 15% of their cases and to have a common origin with the dorsal scapular artery from the subclavian artery in 61.3% of cases. As described by Weiglein et al. [16] , this apparent difference between studies relates to the varying nomenclature of the TCA in the literature over recent decades. In the current study, we have used the international anatomical terminology adopted by the Federative International Programme for Anatomical Terminology (FIPAT) [2] , which defines that the TCA is a superficial branch of the thyrocervical trunk that continues across the posterior cervical triangle. This superficial branch has previously often been termed the superficial cervical artery (arteria cervicalis superficialis). However, this term was removed from the Nomina Anatomia in 1989 and does not feature in the current Terminologia Anatomica [2] . Furthermore, the TCA is now recognised as separate from the deep branch of the thyrocervical trunk that is termed the dorsal scapular artery. This artery has also been subject to change in terminology over the last few decades, initially being termed arteria scapularis descendens, then arteria scapularis dorsalis and since 1983 the arteria dorsalis scapulae (dorsal scapular artery) [2, 16] . These changes in nomenclature may explain why some authors have previously used the term TCA as a synonym for superficial cervical artery or even confused it with the dorsal scapular artery. Therefore, standardization of the definition of the TCA is required throughout the literature, in accordance with the FIPAT definition in the current version of Terminologia Anatomica [2] . This will enable future investigations to build upon the results of the current study to further elucidate the extent of anatomical variation between individuals. In clinical practice, it would be prudent to use pre-operative angiography to confirm the origin of the TCA and its diameter for each patient.
Whilst the anatomical variation of the TCV was not within the scope of the current study, it is clearly of importance when using the TCA as recipient artery for free flap reconstruction. In this case, venous end-to-end anastomosis would preferably be made to the TCV as the recipient vein, if it is in good condition and in a good anatomical position. An alternative option would be end-to-side anastomosis of the pedicle vein to the internal jugular vein if this is available. It is clear from the literature that venous anatomy typically varies more than arterial anatomy and this holds true of the TCV [4] . Therefore, further research is required into the detailed anatomy and relations of the TCV.
Branches of the thyrocervical trunk, other than the TCA, may also be spared resection or compromised by scarring and radiation fibrosis during head and neck cancer treatment. However, the inferior thyroid artery has a vertical caudal-cranial course, lying deep to the internal jugular vein, vagus nerve and common carotid artery, increasing the risk of injury to these vital structures during neck dissection. The suprascapular artery runs medial to lateral, in a protected course posterior and deep to the clavicle and in close proximity to the apex of the lung. Therefore, surgical access to this area is technically more difficult and risks pneumothorax. In contrast, the TCA lies entirely within the supraclavicular region of the posterior triangle and runs posterolaterally, away from vital structures in the neck, enabling the reconstructive surgeon to avoid important structures including the subclavian vessels, brachial plexus and apex of the lung. Therefore, the TCA provides a safe and reliable recipient vessel option in terms of both surgical access and favourable characteristics for successful end-to-end microvascular anastomosis with the donor pedicle vessels.
Conclusion
The results of the current cadaveric study provide important objective measures of the TCAs suitable diameter and distance from key anatomical landmarks within the neck, which support its suitability as a recipient vessel for head and neck free flap reconstruction, particularly for patients in whom ipsilateral branches of the external carotid artery are not available.
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